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anthropogenic climate change.[1,2] Semi-
conductor nanostructures are promising 
inorganic mimics of biological photo-
catalysts in this regard, offering diverse 
and tunable photophysical and electronic 
properties.[3–5] Titania is the best known 
and most widely studied inorganic photo-
catalyst due to its abundance and low cost, 
photostability, established redox chem-
istry, UV absorption, and low toxicity.[6] 
However, due to the wide band gap of 
pure titania and extensive recombination 
of photoexcited charge carriers, various 
strategies have been exploited to improve 
its photophysical properties including 
doping[7] and heterojunction formation,[8] 
which offer enhanced hydrogen genera-
tion[9] and CO2 reduction.[10] The devel-
opment of photocatalytic systems with 
suitable redox behavior to drive solar fuels 
production remains challenging,[11,12] with 
the majority of research involving titania 
systems requiring either a redox medi-
ator[13] or an sacrificial electron/hole scav-
engers[14] and hence lowering the atom efficiency. Scalable solar 
fuels production requires low cost and stable materials able to 
catalyze both photochemical redox reactions without additional 
reagents.[15] Photocatalytic CO2 reduction is also problematic 
due to its poor solubility in aqueous systems and the weak 
affinity of many inorganic semiconductors.[16]
A range of low dimensional, layered, porous, and/or hybrid 
inorganic nanomaterials have been investigated for photo-
catalytic CO2 reduction, with the primary goal being improved 
charge carrier separation and transport characteristics and/
or morphology, and hence apparent quantum yields and 
activity[3,4,10] Layered double hydroxides (LDHs) have emerged 
as promising photocatalysts for CO2 photoreduction due to 
their tunable band gap (spanning the UV to visible region), 
high CO2 adsorption capacity, relative ease of scale-up, nano-
porous architecture, fabrication from earth abundant elements, 
and conduction and valence energies amenable for driving both 
CO2 reduction and water oxidation.[17–19] The first application 
of a zinc-copper-Al or Ga (III)-LDH[18] for CO2 photocatalytic 
reduction found CO and methanol, and various LDHs have 
Photocatalytic reduction offers an attractive route for CO2 utilization as a 
chemical feedstock for solar fuels production but remains challenging due 
to the poor efficiency, instability, and/or toxicity of current catalyst systems. 
Delaminated CoAl-layered double hydroxide nanosheets (LDH-DS) combined 
with TiO2 nanotubes (NTs) or nanoparticles (NPs) are promising nanocom-
posite photocatalysts for CO2 reduction. Heterojunction formation between 
visible light absorbing delaminated CoAl nanosheets and UV light absorbing 
TiO2 nanotubes greatly enhances interfacial contact between both high 
aspect ratio components relative to their bulk counterparts. The resulting syn-
ergic interaction confers a significant improvement in photoinduced charge 
carrier separation, and concomitant aqueous phase CO2 photocatalytic 
reduction, in the absence of a sacrificial hole acceptor. CO productivity for a 
3 wt% LDH-DS@TiO2-NT nanocomposite of 4.57 µmol gcat-1 h-1 exhibits a 
tenfold and fivefold increase over that obtained for individual TiO2 NT and 
delaminated CoAl-LDH components respectively and is double that obtained 
for 3 wt% bulk-LDH@TiO2-NT and 3 wt% LDH-DS@TiO2-NP catalysts. 
Synthesis of delaminated LDH and metal oxide nanocomposites represents a 
cost-effective strategy for aqueous phase CO2 reduction.
Q2
Photocatalytic CO2 Reduction
1. Introduction
Artificial photosynthesis as a route to solar fuels from CO2 and 
water represents a promising strategy to deliver syngas and 
hydrocarbons as sustainable feedstocks to support global energy 
needs and security, and (albeit to a limited extent) mitigate 
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been subsequently explored spanning divalent metal cations, 
such as Mg, Co, Ni, and Zn, and trivalent cations such as Al, 
In, Ga, and Cr within their interlayers.[19] NiIn-LDHs are the 
most promising to date for aqueous phase CO2 photocatalytic 
reduction to CO, with a productivity of 3.6 µmol g−1 h−1 under 
UV light,[17] while defective ZnAl-LDHs are effective for vapor 
phase CO2 reduction to CO under UV irradiation.[20] However, 
pristine LDHs generally exhibit poor quantum efficiency under 
solar irradiation due to slow charge carrier mobility and high 
rates of electron–hole recombination.[19] Strategies to improve 
LDH performance include the use of noble metal (Pt, Pd, and 
Au)[21] cocatalysts as electron acceptors, or their combination 
with wide band gap semiconductors[22] to improve utilization of 
the solar spectrum and/or charge separation. Titania is a good 
acceptor of photoexcited electrons,[23] and the valence band 
maximum (VBM)[24] potential of certain LDH materials[25] lies 
above that of titania (and are hence able to accept photoexcited 
holes from the latter) yet at an energy sufficient to overcome 
the overpotential for water oxidation (0.653 eV[26]). We there-
fore recently synthesized a nanocomposite photocatalyst for 
aqueous CO2 photocatalytic reduction, comprising commercial 
P25 titania in contact with a CoAl-LDH. This exhibited prom-
ising activity (2.2 µmol g–1 h–1) and >80% selectivity to CO, 
without requiring a sacrificial hole scavenger.[27] The superior 
performance of this type-II heterojunction photocatalyst was 
attributed to increased photoexcited charge carrier lifetimes 
relative to its individual UV and visible light absorbing semi-
conductor components, attributed to the spatial separation of 
charge carriers due to electron transfer from CoAl-LDH → 
P25, and concomitant hole transfer from P25 → CoAl-LDH, 
and extended utilization of the solar spectrum. Optimizing the 
heterojunction interface between titania and LDH components 
should afford a facile means to further improve photocatalytic 
performance following rational design principles (such as max-
imizing the interfacial contact area).
Here, the preceding design strategy is extended through the 
synthesis of new heterojunction nanocomposites comprising 
delaminated CoAl-LDH nanosheets dispersed within matrices 
of high aspect TiO2 nanoparticles (NPs) or nanotubes (NTs). 
These nanocomposites enable decoupling of the relative impor-
tance of the dimensions/morphology of the visible light (hole-
driven) CoAl-LDH[27,28] and UV light (electron-driven) TiO2 
semiconductors[8,27] on CO2 photocatalytic reduction. CoAl-
LDH thickness and titania morphology both strongly influence 
aqueous CO2 reduction, with the combination of delami-
nated CoAl-LDH nanosheets with TiO2 nanotubes delivering 
4.57 (2.0) µmol gcat–1 h–1 of CO and 0.41 (0.1) µmol gcat–1 h–1 
of CH4 under UV–vis (visible) irradiation, through a stoichio-
metric redox process and in the absence of sacrificial agents.
2. Results and Discussion
2.1. Structural Properties of CoAl-LDH and TiO2 Components
The synthesis of parent CoAl-LDH and TiO2 nanostructures 
is summarized in Scheme S1 in the Supporting Information. 
Powder X-ray diffraction (XRD) of the parent CoAl-LDH and 
CoAl-LDH-DS materials shown in Figure S1a in the Supporting 
Information confirmed that both exhibited (d00n) reflections 
characteristic of the desired layered double hydroxide (JCPDF 
No. 51-0045). However, the intensity of the (d00n) reflections 
was significantly suppressed in the delaminated material indi-
cating a loss of long range order and delamination along the 
(d00n) planes, while the (d012) peak intensity remained similar 
to the parent LDH indicating that intralayer crystallinity was 
retained. The interlayer spacing of the parent CoAl-LDH was 
0.84 nm (determined from the d003 reflection), consistent with 
the presence of interlayer NO32− anions and water.[29] ICP-OES 
confirmed that the Co:Al stoichiometry was ≈2:1 ratio for both 
parent and delaminated materials (Table S1, Supporting Infor-
mation). Note that delamination of CoAl-LDH containing inter-
layer nitrate anions upon hydrothermal treatment has been 
previously reported,[29] in contrast to the behavior observed for 
more stable CoAl-LDH containing interlayer carbonate anions. 
This stability difference is ascribed to the lower crystallinity of 
LDH materials prepared with interlayer nitrate versus carbonate 
anions, which makes assist in deconstructing the former. Our 
previous study on nanocomposites containing bulk CoAl-LDHs 
in conjunction with P25 indicated that the Co:Al ratio had neg-
ligible impact on CO2 photoreduction performance (Figure S2, 
Supporting Information), and hence the Co:Al stoichiometry 
was not investigated in this work.
TEM of the parent CoAl-LDH revealed the sand rose structure 
characteristic of layered double hydroxides, comprising agglom-
erates of nanoplatelets approximately 40 nm thick (Figure 1a,b) 
and several hundred nanometers across. Successful delamina-
tion was directly visualized by TEM, with Figure S1c,d in the 
Supporting Information and Figure 1c–f evidencing low con-
trast (as anticipated given their ultrathin nature) sheets in the 
CoAl-LDH-DS material, with a morphology and diameter sim-
ilar to those of the parent but whose thickness was decreased 
from 40 nm to only 2–4 nm (Figure S1c,d, Supporting Infor-
mation, and Figure 1c,d); the latter dimension is consistent 
with LDH nanosheets only one to four layers thick as indicated 
in Figure 1d. Lattice fringes of CoAl-LDH-DS observed in 
Figure 1f confirmed the delaminated nanosheets were crystal-
line, with a (d012) spacing of 0.272 nm identical to that of the 
parent CoAl-LDH.[28] Light scattering upon irradiation of the 
CoAl-LDH-DS solution by a red laser (the Tyndall effect[30]) evi-
denced the highly dispersed colloidal nature of the nanosheets, 
which was stable for >6 months (in contrast the suspended 
parent CoAl-LDH precipitated within minutes). N2 porosimetry 
of both LDH materials (Figure S1b, Supporting Information) 
showed type II adsorption–desorption isotherms characteristic 
of macroporous materials (or nonporous materials possessing 
large interparticle voids) with H3-type hysteresis loops attrib-
uted to nonrigid aggregates of plate-like particles under IUPAC 
classifications.[31] The Brunauer–Emmett–Teller (BET) surface 
area of CoAl-LDH-DS was 67 m2 g–1, twice that of the parent 
CoAl-LDH (36 m2 g–1).
The morphologies of TiO2-NT and TiO2-NP materials were 
also investigated by XRD and TEM. Figure S3a in the Sup-
porting Information revealed both nanostructured titanias were 
pure anatase, unlike P25 which is a 4:1 mixture of rutile and 
anatase phases. Figure 2 and Figure S4 in the Supporting Infor-
mation show that the TiO2-NT comprised uniform, high aspect 
ratio hollow tubes, with diameters between 6 and 8 nm and 
Q3
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extending for few hundred nanometers in length. The tube wall 
thickness was <2 nm (Figure S4e,f, Supporting Information), 
while the (d001) and (d101) planar spacings of 0.24 and 0.35 nm, 
respectively, confirmed the nanotubes were anatase titania.[32,33] 
TiO2-NP comprised uniform, approximately 5 nm diameter 
spherical anatase particles. These nanostructures were tightly 
packed in both cases, with the resulting interparticle voids 
expected to confer micro- or mesoporosity, as reflected in their 
type IV adsorption-desorption isotherms (Figure S3b, Sup-
porting Information),[31] and high surface areas (229–250 m2 g–1) 
relative to nonporous TiO2-P25 (54 m2 g–1).
2.2. CoAl-LDH@TiO2 Nanocomposites
Synthesis of Co-LDH-DS@TiO2 nanocomposites is sum-
marized in Scheme 1. Nanocomposites containing around 
3 wt% of the LDH component prepared without a protective N2 
atmosphere suffered partial reconstruction of the delaminated 
CoAl-LDH-DS, evidenced by a very weak, but characteristic 
(d003) reflection at 11° by powder XRD (Figure S5, Supporting 
Information), possibly due to the presence of CO32– ions from 
dissolved atmospheric CO2 attracting LDH sheets together,[29] 
while those prepared >80 °C resulted in LDH decomposition 
and concomitant Al(OH)3 and Co3O4 (and/or (Co(OH)2) forma-
tion.[34,35] Optimal synthetic conditions were therefore deter-
mined as 50 °C under an N2 atmosphere. A common Co:Al 
stoichiometry of 2:1 was maintained for all nanocomposites in 
this work (Table S1, Supporting Information).
High resolution TEM images of 3 wt% LDH-DS@TiO2-
NT and 3 wt% LDH-DS@TiO2-NP NP (Figure 3a,b and 
Figure S6, Supporting Information) evidence intimate contact 
between the titania nanostructures and delaminated CoAl-LDH 
nanosheets, with lattice fringes for each component identical 
to those observed prior to their mixing. Energy-dispersive X-ray 
(EDX) elemental mapping confirmed a uniform distribution 
of CoAl-LDH throughout the titania nanotubes and nanopar-
ticles matrices (Figures S7 and S8, Supporting Information, 
respectively).
XRD patterns of the preceding nanocomposites exhibited 
only anatase reflections (Figure S9, Supporting Information, 
the low CoAl-LDH-DS concentration prohibiting observation of 
associated reflections) consistent with HRTEM, while a 3 wt% 
LDH-DS@TiO2-P25 reference material prepared identically 
also exhibited anatase and rutile reflections from the parent 
commercial titania. Volume averaged particles sizes of titania 
crystallites were unchanged from their parent values (Table S1, 
Supporting Information). Together with HRTEM, these find-
ings confirm the retention of ordered LDH and titania phases 
within the nanocomposites. Nitrogen porosimetry of the 3 wt% 
CoAl-LDH-DS@TiO2 nanocomposites showed adsorption–des-
orption isotherms dominated by the parent titania character-
istics, with 3–5 nm mesopores evident for the nanotube and 
nano particle materials (Figure S10a,b, Supporting Information), 
Part. Part. Syst. Charact. 2017, 1700317
Figure 1. Low and high resolution TEM images of a,b) CoAl-LDH and 
c–f) CoAl-LDH-DS. Inset photographs show the light scattering behavior 
of suspended CoAl-LDH particles.
Figure 2. Low and high resolution TEM images of a,c) TiO2-NT and 
b,d) TiO2-NT.
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as anticipated from the low loading of LDH incorporated. A 
slight reduction in surface area (and pore volume and BJH pore 
diameter) on introducing CoAl-LDH-DS into the nanotube and 
nanoparticle matrices was observed (Table S1 and Figure S10b, 
Supporting Information), consistent with that expected for a 
physical mixture of the two components. HRTEM, XRD, and 
porosimetry together evidence the successful integration of 
CoAl-LDH nanosheets only a few layers thick and delaminated 
along the (d00n) planes within TiO2 nanostructures.
2.3. Photophysical Properties of CoAl-LDH@TiO2 
Nanocomposites
The electronic structure and optical properties of 3 wt% CoAl-
LDH-DS@TiO2 nanocomposites, and constituent titania and 
LDH components, were subsequently investigated by XPS, 
UV–vis and time-resolved photoluminescence (PL) spectrosco-
pies. Figure 4a shows Ti 2p XP spectra for the parent titania 
nanotubes and nanoparticles, alongside their corresponding 
nanocomposites. In all cases, a single spin–orbit split dou-
blet was observed with 2p3/2 and 2p1/2 peaks centered around 
458.1 and 463.7 eV, respectively, consistent with Ti4+ species in 
TiO2.[28] The Co 2p XP spectrum of CoAl-LDH-DS also exhib-
ited a single spin–orbit split doublet (Figure 4b) and hence 
chemical environment, with 2p1/2 and 2p3/2 peaks centered 
around 796.7 and 780.8 eV and satellites at 801.3 and 786.5 eV 
indicative of high-spin divalent Co2+ species within the CoAl-
LDH layers.[36] A small increase in the Co 2p3/2 binding energy 
(to 781.3 eV), and concomitant decrease in the Ti 2p3/2 binding 
energy (to 457.8 eV), was observed for the 3 wt% CoAl-LDH-
DS@TiO2-NT relative to the individual components. This may 
reflect an initial state effect arising from electron transfer from 
the CoAl-LDH-DS to TiO2-NT component and provides tenta-
tive evidence for direct electronic contact (heterojunction for-
mation) between the semiconductors.
Diffuse reflectance UV–vis (DRUV) spectra of 3 wt% CoAl-
LDH-DS@TiO2 nanocomposites, and constituent titania and 
LDH components are shown in Figure 4c. All titania materials 
exhibited strong UV absorption, with a sharp cutoff ≈380 nm 
for nanotubes and ≈390 nm for anatase nanoparticles and 
P25, translating to optical band gaps of 3.21 (TiO2-NT) and 
3.14 eV (TiO2-NP) (Figure S11a,b, Supporting Information).[37] 
The slight band gap widening for the TiO2-NT may arise from 
quantum confinement effects[38] within the thin (<2nm) walls, 
which are expected as the semiconductor dimensions fall below 
twice the exciton Bohr radius (estimated between 1 and 3.2 nm 
for anatase[39,40]). The DRUV spectrum of CoAl-LDH exhib-
ited two distinct absorption bands, a broad band in the visible 
region centered around 558 nm, and a sharper UV band around 
300 nm; delamination shifted the middle band to ≈520 nm, and 
resulted in the appearance of additional absorption band around 
670 nm. The bands 520–558 nm are indicative of the 4T1g(F) 
→4T1g(P) transition of Co2+ octahedrally coordinated by weak-
field ligands,[27,41] while that at 670 nm band corresponds to 
a 3A2g(F)→3T1g(F) transition arising from spin–orbit cou-
pling.[41,42] The UV absorption may arise from ligand → metal 
charge transfer within the CoAl-LDH layer. These absorption 
features translate to optical band gaps of 2.12 and 2.18 eV for 
CoAl-LDH and CoAl-LDH-DS, respectively (Figure S11c,d, Sup-
porting Information), consistent with literature reports.[28,43] 
The 3 wt% CoAl-LDH@TiO2 nanocomposites exhibited spectra 
intermediate between those of their constituent components, 
albeit dominated by the majority titania component, featuring 
strong UV absorption arising from TiO2 nanotubes/nanopar-
ticles and a weak visible light response from the delaminated 
Part. Part. Syst. Charact. 2017, 1700317
Figure 3. High resolution TEM images a) 3 wt% LDH-DS@TiO2-NT and 
b) LDH-DS@TiO2-NP nanocomposites.
Scheme 1. Schematic of CoAl-LDH@TiO2 nanocomposite synthesis.
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CoAl-LDH nanosheets. Heterojunction formation between 
semiconductor components is indicated by a shift in the nano-
composite UV absorption cutoffs to higher wavelength relative 
to the pure TiO2 nanostructures, particularly noticeable for the 
3 wt% CoAl-LDH@TiO2-NT material.
VBM edge potentials of titania and CoAl-LDH-DS compo-
nents were also determined by valence band XPS[27] (Figure S12, 
Supporting Information) from the intercept of the tangent to 
the density of states at the Fermi edge as 2.69 eV (TiO2-NP), 
2.75 eV (TiO2-NT), and 1.25 eV (CoAl-LDH-DS). These VBM 
were used in conjunction with the preceding optical band gap 
energies to calculate corresponding conduction band minimum 
(CBM) potentials of −0.45 eV (TiO2-NP), −0.46 eV (TiO2-NT), 
and −0.93 eV (CoAl-LDH-DS).[25] These energy levels and 
associated band offsets are shown in Figure S13 in the Sup-
porting Information, and indicative of a type-II (staggered) 
band alignment at the CoAl-LDH-DS@TiO2 interface, with 
ΔEVBM = 0.42 eV and 1.29 eV and ΔECBM = 0.26 eV and 0.27 eV 
for the 3 wt% CoAl-LDH-DS@TiO2-NT and 3 wt% CoAl-LDH-
DS@TiO2-NP, respectively. Heterojunction formation is accom-
panied by band bending between the CoAl-LDH-DS and TiO2 
components. This band alignment is considered advantageous 
for the separation of photogenerated holes and electrons,[44] 
favoring hole accumulation on the CoAl-LDH-DS nanosheets 
(and consequent water oxidation) and electron accumulation on 
the titania nanostructures (and consequent CO2 reduction), and 
hence both halves of the full redox reaction without additional 
(molecular) charge acceptors.
Photoinduced charge carrier recombination within the 3 wt% 
CoAl-LDH-DS@TiO2 nanocomposites, and Co-Al-LDH-DS and 
TiO2 reference materials, was probed through steady state[45] 
and time-resolved[46] PL spectroscopy. All TiO2 nanostructures 
exhibited two characteristic emissions under irradiation with 
320 nm light (Figure S14, Supporting Information); one around 
400 nm arising from an interband transition[47] and a second 
weaker emission around 470 nm attributed to the recombina-
tion of charges localized on oxygen vacancies.[47] CoAl-LDH and 
CoAl-LDH-DS also exhibited two emissions at 400 and 470 nm, 
attributed to ligand field splitting and corresponding 4A2g → 
4T1g (F) and 4T2g → 4T1g (F) transitions often reported for 
octahedral cobalt(II) compounds.[46,41] The emissions in CoAl-
LDH-DS were significantly reduced relative to the parent CoAl-
LDH, indicating suppressed charge recombination. Despite the 
high titania loading in all three 3 wt% CoAl-LDH-DS@TiO2  
Part. Part. Syst. Charact. 2017, 1700317
Figure 4. a) Ti 2p and b) Co 2p XP spectra, c) DRUVS, and d) time-resolved PL spectra at 380 nm excitation wavelength of 3 wt% LDH-DS@TiO2 
nanocomposites alongside CoAl-LDH and TiO2 references.
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nanocomposites, their corresponding emissions were signifi-
cantly reduced relative to the parent TiO2 component, indi-
cating suppressed charge recombination (improved charge 
separation), presumably due to the migration of photoexcited 
electrons from the CB of CoAl-LDH-DS to that of the TiO2 
matrix, and concomitant photoexcited hole migration from the 
VB of the TiO2 matrix to the VB of CoAl-LDH-DS. Emission 
from the 3 wt% CoAl-LDH-DS@TiO2-NT was especially weak 
compared to its nanoparticle and P25 analogues, possibly due 
to more extensive heterojunction formation observed by XPS 
and greater valence band bending (ΔEVBM decreasing from 
1.5 → 0.42 for the nanotube composite vs 1.44 → 1.29 for the 
nanoparticle analogue).
Time-resolved PL measurements provided additional con-
firmation for reduced charge carrier recombination within the 
3 wt% LDH-DS@TiO2 nanocomposites (Figure 4d).[46] Average 
charge carrier lifetimes (τ) were determined from fitting the 
resulting decay curves with a biexponential function (Table S2, 
Supporting Information), which reflect nonradiative and radia-
tive relaxation processes originating from the direct formation 
of free charge carriers and the indirect formation of self-trapped 
excitons. In all cases, the nanocomposites displayed longer 
τ values (i.e., slower recombination) than their CoAl-LDH-DS 
and TiO2 constituents, with the 3 wt% CoAl-LDH-DS@TiO2-
NT exhibiting the slowest electron–hole pair recombination of 
τ = 6.7 ns versus 5.5 ns (TiO2-NT) and 4.8 ns (CoAl-LDH-DS). 
This modified electronic transport provides further evidence for 
heterojunction formation (and an excellent synergy) between 
the delaminated CoAl-LDH nanosheets and the TiO2 matrices 
they are dispersed within.
2.4. Photocatalytic CO2 Reduction over CoAl-LDH@TiO2 
Nanocomposites
The photocatalytic performance of CoAl-LDH@TiO2 nanocom-
posites was subsequently investigated for aqueous phase CO2 
reduction under UV–vis irradiation by a 300 W Xe lamp in the 
absence of a sacrificial hole acceptor. Control experiments were 
first performed in the absence of either CO2, water, catalyst, or 
light (Figure S15, Supporting Information) to confirm that CO2 
and water were the only sources of carbon and hydrogen in 
photocatalytic products.[27,48] Only gaseous products of photo-
catalysis were observed, namely CO2, H2, O2, and (exception-
ally) methane.
Individual TiO2 nanostructures (P25, TiO2-NP, and TiO2-
NT) exhibited very low activity for either CO2 reduction or 
water oxidation (Figure 5 and Table S3, Supporting Informa-
tion), presumably due to a combination of their small CBM 
potentials (≈−0.45 eV) which is insufficient to drive effectively 
CO2 + 2H + 2e– → CO + H2O (E0 = −0.53 eV at pH 7), fast 
photoexcited charge carrier recombination and low CO2 absorp-
tivity (Table S1, Supporting Information). However, this CBM 
potential is sufficient to drive proton reduction to hydrogen 
(−0.41 eV at pH 7), and indeed H2 was evolved over all titanias, 
albeit at a low rate due to rapid charge recombination com-
monly observed in the absence of either a noble metal cocata-
lyst to trap photo-excited electrons, and/or organic scavengers 
to trap photoexcited holes.[14] Among the titanias, TiO2-NTs 
exhibited the highest photocatalytic activity, which we attribute 
to its high aspect ratio, thin walls, comparatively slow charge 
recombination (τ = 5.5 ns vs 4.8 and 1.5 ns for TiO2-NP and 
P25, respectively) and short diffusion length for photoexcited 
charges to reach the nanotube surface. The parent Co-Al-LDH 
and delaminated CoAl-LDH-DS nanosheets both exhibited 
slightly improved CO production relative to titanias (as expected 
for their higher CBM potential of ≈−0.93 eV), with delamina-
tion conferring a 20% enhancement (1.06 vs 0.83 µmol h−1 g−1) 
as a result of the associated increase in surface area and CO2 
adsorption capacity seen in Table S1 in the Supporting Informa-
tion, and concomitant decrease in charge recombination shown 
in Figure 4d and Table S2 in the Supporting Information. How-
ever, neither performance was especially impressive, likely an 
inability to drive both sides of the redox reaction in the absence 
of a charge carrier acceptor. In contrast, all CoAl-LDH@TiO2 
nanocomposites showed superior CO productivity to and hence 
a strong synergy between the LDH and titania components. 
The 3 wt% CoAl-LDH-DS@TiO2-NT nanocomposite exhibited 
the highest CO productivity of 4.57 µmol g–1 h–1, almost 7.5 
and 5 times that of its TiO2-NT and CoAl-LDH-DS constituents, 
respectively (and twice that of 20 wt% P25@CoAl-LDH),[27] in 
addition to 0.41 µmol g–1 h–1 CH4; this equates to a CO+CH4 
selectivity >94% (Table S3, Supporting Information). This syn-
ergy must arise from a convolution of increased spectral utili-
zation (UV and visible), charge carrier separation/lifetime, and 
CO2 affinity for the heterojunction nanocomposite. All compo-
nents and nanocomposites displayed (CO or H2):O2 product 
stoichiometries close to 2:1, as expected since CO2 reduction to 
CO and H2O reduction to H2 are both 2e– processes, whereas 
water oxidation is a 4e– process (2H2O → O2 + 4H+ + 4e–). For 
3 wt% CoAl-LDH-DS@TiO2-NT, a CH4:O2 stoichiometry of 1:2 
was also observed, consistent with the 8e– reduction to form 
methane from CO2. It is noteworthy that methane was only 
produced over the 3 wt% LDH-DS@TiO2-NT photocatalyst, 
which exhibits the longest charge carrier lifetimes (Table S2, 
Supporting Information), consistent with the slower kinetics 
expected for this more demanding multielectron reduction.
CO productivity over the 3 wt% CoAl-LDH-DS@TiO2-NT 
photocatalyst was more than double that achieved for the 3 wt% 
CoAl-LDH@TiO2-NT or 3 wt% LDH-DS@TiO2-NP materials. 
The physicochemical properties including phase, crystallite 
size, surface area, and CO2 chemisorption capacity of these 
three photocatalysts are almost identical (Table S1, Supporting 
Information), as are the optical band gaps of their CoAl-LDH/
CoAl-LDH-DS and TiO2-NT/TiO2-NP components. Hence, this 
rate enhancement can only be ascribed to more efficient hetero-
junction formation between visible light absorbing delaminated 
CoAl-LDH-DS nanosheets and UV light absorbing high aspect 
ratio TiO2 nanotubes in the 3 wt% CoAl-LDH-DS@TiO2-NT.
The impact of heterojunction formation and role of the 
titania component in the nanocomposites was further exam-
ined by comparing UV–vis versus visible light (employing a 
400 nm cutoff filter) photocatalytic CO2 reduction over the 
3 wt% LDH-DS@TiO2-NT and constituent TiO2 nanotube and 
CoAl-LDH-DS. Under visible light irradiation, the nanotubes 
were catalytically inactive, as expected for the wide band gap 
semiconductor, whereas the CoAl-LDH-DS evolved small quan-
tities of CO and O2 (Figure 6). However, the lower CO and CH4 
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reduction productivities of the nanocomposite compared to 
those observed under UV–vis irradiation (2.0 vs 4.5 µmol h−1 g−1 
CO and 0.1 vs 0.4 µmol h−1 g−1 CH4) suggest that significant 
electron–hole recombination occurs within the delaminated 
CoAl-LDH-DS nanosheets in the absence of simultaneous 
titania photoexcitation, i.e., two-step photon excitation of both 
semiconductors is superior to LDH excitation alone. Under 
UV–vis irradiation, titania can act as both a hole-donor, pro-
moting water oxidation over the LDH, and as an electron-
acceptor. This observation highlights the importance of 
change separation across the heterojunction interface of 3 wt% 
LDH-DS@TiO2-NT nanocomposite in enhancing the poor 
intrinsic visible light photo-oxidation activity of the delaminated 
CoAl-LDH-DS and poor intrinsic UV photoreduction activity 
of TiO2-NT. Apparent quantum efficiencies (AQE) for CO 
production over 3 wt% LDH-DS@TiO2-NT are around 0.26% 
and 0.09% under 365 nm (using a UV band pass filter) and 
475 nm (visible band pass filter) irradiation (Table S4, Sup-
porting Information), respectively. These AQEs are much 
higher than corresponding values of <0.1% (UV) for P25@
CoAl-LDH[27] or reduced graphene oxide-amine-titanium 
dioxide nanocomposites[49] or ZrOCoII−IrOx SBA-15[50] wafer 
or Pt-TiO2[51] heterogeneous photocatalysts. They are also much 
greater than many “high performance” photocatalysts such as 
TiO2 nanofibers (0.036%)[52] and SrNb2O6 plates (0.065%)[51] 
under UV irradiation, and Co3O4 hexagonal platelets under 
visible light[53] (0.069%, wherein a visible light sensitizer 
[Ru(bpy)3]Cl2 and hole scavenger TEOA were also required). 
The combined quantum efficiency for CO+CH4 is also higher 
than those reported Ag/Ag2SO3 (0.12%)[54] and Ag/AgIO3 
(0.19%),[55] photocatalysts for CO2 reduction to CO+CH4, fea-
turing noble metal electron traps and water vapor as the proton 
donor (albeit CH4 was the major product).
Photocatalytic CO2 reduction over 3 wt% CoAl-LDH-DS@
TiO2-NT is proposed to occur in a similar fashion to that previ-
ously advanced.[27] Briefly, under visible light irradiation, due to 
the type-II band alignment between the LDH and titania, elec-
trons photoexcited into the LDH conduction band migrate via 
the heterojunction into the titania conduction band, where they 
reduce CO2 (adsorbed at the LDH surface) into CO and CH4 
as illustrated in Scheme 2. Under UV irradiation, photoexcited 
holes simultaneously migrate from valence band of titania via 
the heterojunction into the LDH valence band, where they may 
be trapped at Co2+ sites to produce Co3+ or Co4+ which in turn 
Part. Part. Syst. Charact. 2017, 1700317
Figure 5. a) CH4, b) CO, c) H2, and d) O2 mass-normalized productivity averaged over the first 4 h of aqueous phase CO2 photoreduction over 3 wt% 
LDH-DS@TiO2 nanocomposites, and CoAl-LDH and TiO2 references under UV–vis irradiation by a 300 W Xe lamp.
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oxidize H2O to liberate O2, regenerate Co2+, and release protons 
which migrate to the interface with titania where they combine 
with electrons and/or molecular carbon species to form H2, CO, 
or CH4.[56,57] The combination of delaminated CoAl-LDH-DS 
nanosheets and high aspect ratio anatase TiO2 nanotubes cre-
ates a large heterojunction interface across which photoinduced 
charge carrier separation, and the preceding redox chemistry, 
can occur. Such charge separation extends charge carrier life-
times sufficient to facilitate the challenging multielectron reduc-
tion of CO2 to CH4. Delaminated CoAl-LDH-DS nanosheets 
promote aqueous phase catalytic CO2 photoreduction by har-
nessing visible light, adsorbing CO2 from solution, and pro-
moting water oxidation. Future studies will explore routes to 
induce ordering between the LDH and anatase components, 
for example, through surfactant templating approaches and/
or spatial localization within hierarchically porous scaffolds,[59] 
and to further improve the heterojunction interface through 
either reducing the dimensions of the delaminated CoAl-LDH 
nanosheets, or shortening the anatase nanotubes to enhance 
interpenetration between the semiconductor components.
Part. Part. Syst. Charact. 2017, 1700317
Scheme 2. Proposed mechanism of CO2 photocatalytic reduction over 
CoAl-LDH-DS@TiO2-NT heterojunction nanocomposite.
Figure 6. Comparison of a) CH4, b) CO, c) H2, and d) O2 mass-normalized productivity averaged over the first 4 h of aqueous phase CO2  
photoreduction over 3 wt% LDH-DS@TiO2-NT nanocomposite, and CoAl-LDH-DS and TiO2-NT references under UV–vis versus visible only light 
irradiation.
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3. Conclusion
A facile wet-chemical route has been developed to prepare CoAl-
LDH-DS@TiO2 nanocomposites via the dispersion of (visible 
light absorbing) delaminated CoAl-layered double hydroxide 
nanosheets within matrices of (UV absorbing) anatase NT or 
NP. The resulting CoAl-LDH-DS@TiO2 nanocomposites show 
significant rate enhancements and improved apparent quantum 
efficiency for the aqueous phase catalytic CO2 photoreduction 
to CO and CH4, in the absence of sacrificial agents. Maximum 
CO productivity was obtained for 3 wt% CoAl-LDH@TiO2-NT, 
being 5–7.5 times higher than that of its constituent TiO2 or 
delaminated CoAl-LDH nanosheet components, and more than 
twice as active as nanocomposites containing either bulk CoAl-
LDH or anatase NPs. Superior photocatalytic reduction of the 
CoAl-LDH-DS@TiO2 nanocomposites reflects formation of a 
staggered type-II heterojunction across the interface between 
these high aspect ratio semiconductors, which permits efficient 
photoexcited charge separation resulting from electron transfer 
from the CoAl-LDH-DS to titania, and concomitant reverse hole 
transfer from titania into the CoAl-LDH TiO2 nanostructure. 
Selectivity to (CO + CH4) reached >90% relative to H2 evolution 
under full spectrum irradiation. This synthetic strategy could 
be readily extended to prepare diverse mixed oxide/hydroxide 
nanocomposites for applications including water splitting, 
waste water depollution, fuel cells, and energy storage.
4. Experimental Section
Materials: Reagents Co(NO3)2·6H2O (Sigma, 99%), Al(NO3)3·9H2O 
(Sigma, 99%), P25 (Sigma), and hexamine (Sigma, 99.9%), titanium 
(IV) n-butoxide (ACROS Organics, 99.0%), sulfuric acid (Fisher, 98%), 
hydrochloric acid (Fisher, 37%), ethanol (Fisher, analytical reagent 
grade), sodium hydroxide (ACROS Organics, 99%) were used as 
received. All other chemical reagents used in this work were analytical 
grade and used without further purification.
TiO2 Nanostructures Synthesis: TiO2 nanoparticles and nanotubes 
were synthesized following solvothermal and hydrothermal literature 
methods (Scheme S1a, Supporting Information).[58] For anatase TiO2 
nanoparticles (TiO2-NP), 5.1 g titanium (IV) n-butoxide was added 
dropwise to 70 mL absolute ethanol under vigorous stirring at room 
temperature, followed by 0.33 mL sulfuric acid and 0.3 mL deionized 
water. The resulting solution was transferred to a 100 mL Teflon 
autoclave and aged for 4 h at 180 °C under air to yield a white solid, 
which was then washed thoroughly with ethanol and dried at 60 °C 
for 5 h. For anatase TiO2 nanotubes (TiO2-NT), 0.5 g of the preceding 
TiO2-NP was added to a 50 mL 10 m NaOH aqueous solution in a Teflon 
autoclave at room temperature, and aged for 24 h at 150 °C for 24 h. 
The resulting solid was dispersed in 500 mL 0.1 m HCl aqueous solution 
for 12 h under constant stirring at room temperature, then centrifuged 
(5000 rpm and 5 min) and washed thoroughly with deionized water 
and subsequently ethanol, dried at 60 °C for 5 h, and finally calcined at 
400 °C for 2 h under flowing O2 (20 mL min−1).
LDH Nanostructure Synthesis: CoAl-LDH (Scheme S1b, Supporting 
Information) and delaminated CoAl-LDH nanosheets were prepared 
following a (carbonate-free) hydrothermal literature method.[29] For the 
parent CoAl-LDH, 0.06 mols Co(NO3)2·6H2O, 0.03 mols Al(NO3)3·9H2O, 
and 0.012 mols hexamethylenetetramine were dissolved in 200 mL 
deionized and degassed water. The resulting solution was purged with 
N2 at room temperature under constant stirring, and then aged in a 
500 mL round bottom flask at 80 °C for 48 h under N2 without stirring. 
The precipitate (cake) obtained was washed with deionized water until 
the washing were of neutral pH, and subsequently dried overnight 
at 60 °C in vacuo to yield the final CoAl-LDH which was stored in a 
vacuum desiccator. Delaminated CoAl-LDH nanosheets (LDH-DS) were 
prepared by adding 2.5 g of the preceding pH neutral CoAl-LDH cake 
to 50 mL deionized and degassed water in a Teflon autoclave, prior to 
ageing at 120 °C for 12 h. Residual parent CoAl-LDH was removed by 
centrifugation at 2000 rpm for 30 min, leaving a colloidal solution of the 
CoAl-LDH-DS material (2.4 g L–1) which was purged with N2 at 50 °C, 
sealed with parafilm and stored in a desiccator. A powder reference 
sample of delaminated CoAl-LDH nanosheets was also prepared by 
evaporation of the colloidal solution under N2.
CoAl-LDH@TiO2 Nanocomposites Synthesis: CoAl-LDH@TiO2 
nanocomposites were prepared by ultrasonic dispersion followed by 
deposition-evaporation. Briefly, 200 mg of synthesized TiO2-NT, TiO2-NP, 
or commercial TiO2-P25 was dispersed in deionized and degassed water 
by ultrasonication (Elmasonic S100H, 5 min, 550 W/50 Hz), to which a 
desired mass of parent CoAl-LDH, or volume of CoAl-LDH-DS colloidal 
solution, was added. The resulting suspension was stirred at room 
temperature under N2 for 24 h, and water subsequently evaporated at 
50 °C to yield the nanocomposite. The mass of CoAl-LDH-DS was also 
varied from 1 to 5 wt% to produce a family of CoAl-LDH-DS@TiO2-NT 
composites. Note that composites containing 3 wt% CoAl-LDH-DS were 
the most active for the photocatalytic reduction of CO2 (Figure S16, 
Supporting Information) and hence were selected for detailed study in 
this work.
Catalyst Characterization: Powder XRD patterns were recorded on a 
Bruker-AXS D8 ADVANCE diffractometer operated at 40 kV and 40 mA 
using Cu Kα radiation (0.15418 nm) between 10° and 80° in 0.02° steps. 
X-ray photoelectron spectroscopy was performed on a Kratos Axis HSi 
spectrometer with a monochromated Al Kα X-ray source operated at 90 W 
and magnetic charge neutralizer. Spectral processing was performed 
using CasaXPS version 2.3.16, with energy referencing to adventitious 
carbon at 284.6 eV, and surface compositions and peak fitting derived 
using appropriate instrumental response factors and common line 
shapes for each element. Nanostructure morphology was visualized 
on a JEOL JEM-2100 HAADF-STEM operating at 200 kV accelerating 
voltage, with elemental mapping performed by EDX spectroscopy using 
an Oxford INCA EDX detector. Porosimetry was performed through N2 
physisorption at 77 K using a Quantachrome Nova 4000e porosimeter. 
BET surface areas were calculated over the relative pressure range 
0.01–0.2. Pore size distributions were calculated by applying the BJH 
method to desorption isotherms for relative pressures >0.35. CO2 
chemisorption was performed on samples degassed at 120 °C using an 
He carrier gas on a Quantachrome ChemBET PULSAR TPR/TPD/TPO 
instrument. Diffuse reflectance UV–vis spectra (DRUVS) were measured 
on a Thermo Scientific Evo220 spectrometer using an integrating sphere 
and KBr as standard and samples diluted in KBr. Optical band gaps were 
calculated from Tauc plots as described in the Supporting Information. 
Steady state PL spectra of samples were recorded on an F-4500FL 
spectrometer at an excitation wavelength of 320 nm. PL lifetime data 
were collected on an Edinburgh Photonics FLS 980 spectrometer using 
a picosecond pulsed LED light with an excitation wavelength of 380 nm.
Photocatalytic CO2 Reduction: Photocatalytic CO2 reduction was 
carried out at room temperature in a sealed 320 mL stainless steel 
photoreactor with a quartz window and a 300 W Xe light source. 50 mg of 
sample was dispersed in 5 mL of water by ultrasonication for 5 min and 
charged in the photoreactor. Prior to irradiation, the reaction mixture was 
degassed in the dark with CO2 at 1 bar for 2 h to saturate the solution 
with CO2 and then continuously irradiated with UV–vis light using a 
300 W Xe Toption Group Ltd TOP-X300 lamp (spectral output shown in 
our previous report[27]). Aliquots of the reaction mixture were periodically 
withdrawn using a 1 mL gas syringe for analysis on a Shimadzu Tracera 
GC-2010 Plus chromatograph fitted with a Carboxen1010 (30 m × 
0.53 mm × 0.1 µm) column and Barrier Ionization Detector. Liquid 
products were also analyzed periodically from separate aliquots on an 
Agilent 1260 HPLC fitted with a Hi Plex column; no carbon-containing 
liquid products were detected in this study. P25 was calcined in air at 
200 °C for 4 h prior to use in control experiments to remove any trace 
carbonaceous residues; without calcination, small quantities of CO and 
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CH4 were evolved during control experiments under nitrogen in the 
absence of CO2. Selectivity toward reactively formed H2, CO, and CH4 
was calculated from Equations (1)–(3)[27]
( ) = + + ×H selectivity %
2N
8N 2N 2N
1002
H
CH CO H
2
4 2  
(1)
( ) = + + ×CO selectivity %
2N
8N 2N 2N
100CO
CH CO H4 2  
(2)
( ) = + + ×CH selectivity %
2N
8N 2N 2N
1004
CH
CH CO H
4
4 2  
(3)
where NCH4, NCO, and NH2  are the yields of reactively formed CH4, 
CO, and H2, respectively. Apparent quantum yields were calculated 
as described in the Supporting Information at either 365 (UV) or 
475 (Visible) nm.
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